Sudden cardiac death (SCD) is a field of continuous research. In order to answer various questions regarding SCD, several animal models have been developed. The aim of the present study is to describe our experimental model of inducing cardiac arrest in Landrace/ Large White pigs, and then resuscitated according to the International Guidelines on resuscitation. Fifteen Landrace/Large White pigs were anaesthetized and intubated while spontaneously breathing. The left and right jugular veins, as well as the femoral and the carotid arteries, were surgically prepared. Induction of cardiac arrest was achieved by using an ordinary rechargeable lithium battery, through a pacemaker wire inserted into the right ventricle. The typical Advanced Life Support (ALS) protocol was followed, and in case of restoration of spontaneous circulation, the animals were further evaluated for 30 min. Seven animals were successfully resuscitated using this protocol, whereas eight failed resuscitation efforts. Successful resuscitation was contingent on the restoration of the levels of coronary perfusion pressure and PETCO 2 during chest compressions. Among the different ways of inducing cardiac arrest, the ordinary lithium battery is a simple, safe and valuable technique. Landrace/Large White pigs' baseline haemodynamics closely resemble human haemodynamics, making the breed a favourable model for resuscitation.
In the 18th century, drowning had the equivalent impact on society that sudden death has today. In the latter part of that century, scientists throughout Europe established humane societies to develop resuscitation techniques and to keep registries of successful and unsuccessful cases (Stembach et al. 2000) . Dr Charles Kite was an active member of the London Humane Society, and in 1778 he wrote 'An Essay on the Recovery of the Apparently Dead' in which he was the first to differentiate suspended animation from irreversible death (Eisenberg 1994) .
From that time forward, the science and art of resuscitation have flourished, and multiple international organizations, such as the International Liaison Committee on Resuscitation (ILCOR) and the European Resuscitation Council (ERC) were founded. These organizations have tried to establish guidelines on resuscitation, based on consensus on science, hoping that they could improve the outcome of cardiac arrest or sudden cardiac death (SCD) (Anonymous 1997a (Anonymous , 1998 .
Research in the field of sudden death has been continuous in the last decade.
Two-thirds of the victims of cardiac arrest are due to cardiovascular disease (Anonymous 1981) .
Epidemiologically speaking, cardiac arrest is the suspension of cardiac function in or out of hospital, which is not accompanied by overt symptoms, or is accompanied by symptoms lasting less than 1 h (Weis 1940 , Spain et al. 1960 , Kuller 1978 , Waller 1985 .
In Europe, coronary artery disease (CAD) is responsible for 40% of all deaths in people less than 75 years old (Anonymous 2001) . The most common cause of death in CAD is a lethal arrhythmia, called ventricular fibrillation (VF), which represents 80-90% of out-hospital SCDs (Packer 1985 , Anonymous 1997b ).
Occlusion of a coronary artery leads to regional ischaemia, which in turn causes intracellular and extracellular acidosis, loss of cellular membrane integrity and lowering of the resting transmembrane potential. As depolarization and conduction are slowed, conditions are created for fragmented electrical activity and local re-entrant pathways, thereby facilitating the emergence of VF (Lazzara et al. 1978) .
The fact that o5% of human victims of cardiac arrest survive when cardiac arrest occurs outside of the hospital prompts vigorous experimental pursuit of a better understanding of the mechanisms and management. The possible therapeutic interventions suggested by the international organizations are somewhat limited. Defibrillation and epinephrine are the only interventions recommended (Anonymous 1997a (Anonymous , 2000 . New medications and techniques are being tried, confirming diverging hypotheses. However, it is unethical for these novel interventions to be tried on humans, prior to their application on animal models (Bulger 1987) . In order to reproduce the accurate environment of this life-threatening situation, different animal models have been described (Packer 1985 , Hughes 1986 , von Planta et al. 1988 , Wenzel et al. 1999 , Kii et al. 2004 , Kofler et al. 2004 , Nozari et al. 2004 with multiple methods of inducing cardiac arrest.
The aim of this study is to describe our experimental protocol of inducing cardiac arrest in a swine model. This model was successfully resuscitated using the International Guidelines (Anonymous 2000) .
Swine model of cardiopulmonary resuscitation

Preparation
The experimental protocol was approved by the General Directorate of Veterinary Services (permit no. K/227/21-1-2004), according to Greek legislation regarding ethical and experimental procedures (Presidential Decree 160/1991, in compliance with the EEC Directive 86/609 and Law 2015/1992 and in conformance with the European Convention 'for the protection of vertebrate animals used for experimental or other scientific purposes, 123/1986'). After receiving approval from the Directorate of Veterinary Services of the Prefecture of Athens, Attica, Greece, 15 Landrace/Large White piglets of both sexes, aged 10-15 weeks and with an average weight of 1972 kg, all from the same breeder (Validakis, Athens, Greece) were studied. They were housed in single cages. The area of the cage was 2 m 2 . The conditions in the animal house were 15 air changes/h, 22721C, relative humidity 55% and light-dark at 06.00 h/18.00 h. They were fed a commercial food, the nutrient contents of which are described in Table 1 , and were acclimatized to the laboratory conditions for a one-week period prior to the experiment. The animals were fasted overnight but had free access to water.
Initial sedation in each animal was achieved with intramuscular ketamine hydrochloride (Merial, Lyon, France) 10 mg/ kg, midazolam (Roche, Athens, Greece) 0.5 mg/kg and atropine sulphate (Efar, Athens, Greece) 0.05 mg/kg. The marginal auricular vein was then catheterized. Anaesthesia was induced with an intravenous bolus dose of propofol (2.0 mg/kg) via this vein (BD Venflon, Luer-Lok, Helsinborg, Sweden, 20GA 1.26IN 54 mL/ min). While breathing spontaneously, but anaesthetized, the pigs were intubated with a 4.5 or 5.0 endotracheal tube (MLTt 4.5 or 5.0 Oral 27 mm Mallinckrodt Medical, Athlone, Ireland). Correct placement of the endotracheal tube was ascertained with inflation and auscultation of both lungs. The tracheal tube was secured on the upper jaw; hair was clipped from the ventral thorax and the head to facilitate the use of selfadhesive electrodes. The animals were then immobilized in a supine posture on an operating table. Additional propofol 1 mg/kg, cis-atracurium 0.15 mg/kg and fentanyl 4 mg/ kg (Janssen, Pharmaceutica, Beerse, Belgium) were administrated immediately before connecting the animals to the automatic ventilator (ventiPac Sims pneuPac, Luton, UK) with 21% oxygen (FiO 2 21%). This dose was necessary to ascertain cooperation with the ventilator. Infusion of propofol 150 mg/kg/min or more, if needed, followed, to maintain adequate anaesthetic depth. Ventilations were delivered with the aid of a volume-controlled ventilator with a total tidal volume of 15 mL/kg. End-tidal PETCO 2 was monitored (Nihon Kohden Corp, Bergamo, Italy), and the respiratory frequency was adjusted to maintain PETCO 2 35-40 mmHg.
Electrocardiographic (ECG) monitoring (Mennen Medical, Envoy, Papapostolou, Athens, Greece) was performed, using leads I, II, III, aVR, aVL, aVF and self-adhesive electrodes, to assess the cardiac rhythm, while the heart rate was determined by the ECG signal. All tracings were recorded on usual ECG thermographic paper.
In order to continuously and noninvasively detect changes in cerebral oxygenation, near infrared spectroscopy (NIRS) was utilized (Somanetics INVOS Cerebral Oximeter, Model SPFB Pediatric Somasensor SOMANETICS, Papapostolou, Athens, Greece). The optodes of NIRS were mounted on the intact skin covering each cerebral hemisphere slightly anterior to the coronal suture to avoid the pig's frontal sinus, as well as the strong muscular system of the neck. For optimal spatial resolution, the interoptode distance was set to 5 cm. The path length was adjusted according to the manufacturer's instructions for measurements on an intact human skull. Data were recorded every 10 s after induction of anaesthesia and for the duration of cardiopulmonary arrest and resuscitation. The device calculated the relative concentration changes in Tissue Oxygenation Index (TOI), Tissue Haemoglobin Index (THI) and cytochrome oxidase (DCytOx).
Pulse oximetry (SpO 2 ) (Vet/Ox Plus 4700, Heska, USA) was also utilized as a means of peripheral tissue oxygenation and was monitored continuously. The pulse oximeter was placed on the tongue of the anaesthetized and intubated animal.
For measurement of the aortic pressure, a normal saline filled (model 6523, USCI CR, Bart Inc, Papapostolou, Athens, Greece) Laboratory Animals (2007) 41 Coronary perfusion pressure (CPP) was electronically calculated as the difference between minimal aortic diastolic pressure and the simultaneously measured right atrial pressure. The second internal jugular vein was also surgically prepared ( Figure 1) . A 5F flow-directed pacing catheter (Pacelt; 100 cm, St Jude Medical, Ladakis, Athens, Greece) was advanced into the apex of the right ventricle. Confirmation of correct placement was achieved by fluoroscopic image intensification and by the ventricular ectopies recorded on the ECG tracing. Aliquots of 5 mL of venous blood were collected for measurements of neuron specific enolase (NSE) and S-100, as well as for troponin I, before induction of VF, after 5 min of untreated VF and at 60 min after successful resuscitation.
Protocol VF was induced with a 9 V ordinary lithium battery. Arrhythmia was confirmed electrocardiographically and with a sudden drop in the MAP. After induction of VF, the animals were left untreated for 5 min.
Mechanical ventilation was stopped coincident with the onset of cardiac arrest. Resuscitation procedures were started with inspired oxygen concentration 100%, followed by chest compressions for 3 min.
Compressions were maintained at a rate of 100/min with equal compression-relaxation duration. Compression depth was equivalent to 30% of the anteroposterior diameter of the chest. A set of up to three shocks were initially given with energies of 2, 2 and 4 J/kg ( Figure 2 ). While the defibrillator was recharged, the ECG monitor was observed for any changes in the rhythm. Blood was drawn and adrenaline was peripherally administered via the auricular vein. In case of failure to convert to a cardiac rhythm compatible with pulse, the typical Advanced Life Support (ALS) protocol was performed, following the 2000 guidelines on resuscitation. This involved further defibrillation with energies of 4, 4 and 4 J/kg and adrenaline administration every 3 min in case of failure to convert to a rhythm compatible with a palpable pulse. If a third defibrillation set was required, the energies administered were 4, 4 and 4 J/kg. Our experimental protocol is shown in Figure 3 . Endpoints of the experiment were defined as either asystole or return of spontaneous circulation. The animals restoring spontaneous circulation were monitored for 60 min, while anaesthesia was maintained. All animals were euthanized by an intravenous solution of thiopental (2 g). Necropsy was routinely performed after death. Thoracic and abdominal organs were examined for gross evidence of traumatic injuries caused by surgical or resuscitation efforts.
Statistical analysis
Measurements are reported as means7 SD. Comparisons between time-based measurements on the same animals and differences between resuscitated and non-resuscitated animals were analysed with analysis of variance (ANOVA) multiple measurements. A P value of o0.05 was considered statistically significant.
Results
Survival
Seven of 15 animals were successfully resuscitated. One animal was successfully resuscitated in the first defibrillation attempt of the first set of defibrillations, whereas two more animals were restored to spontaneous circulation at the third defibrillation attempt of the first set. Three animals had circulation restored at the third defibrillation attempt of the second set of defibrillations, whereas only one animal was successfully resuscitated at the third defibrillation set.
Haemodynamic observations
The baseline haemodynamics of Landrace/ Large White pigs are presented in Table 2 . There was no difference in the baseline haemodynamic measurements between resuscitated and non-resuscitated animals, as demonstrated in Table 3 . MAP before cardiac arrest ranged from 90 to 95 mmHg. MAP over the initial 3 min of basic life Figure 4 for the successfully resuscitated animals. CPP fell dramatically after 5 min of untreated VF, rose to 25 mmHg for the BLS period and rose further after implementation of the ALS protocol. CPP rose from 2473 mmHg in the BLS period to 3373 mmHg in the ALS period (Po0.05). CPP achieved with precordial compression averaged 34.570.7 mmHg in survivors compared with 31.270.9 mmHg in nonsurvivors (Po0.05) as shown in Figure 5 . These extremely high levels of CPP, both in survivors and non-survivors, represent the efficacy of precordial compressions. Endtidal CO 2 pressure ( PETCO 2 ) decreased from a baseline level of 3074 to 0.6 Torr during cardiopulmonary arrest. It increased to 1374 Torr during the 3 min of BLS in resuscitated animals, but only to 472 Torr in non-resuscitated animals (Po0.05). No statistically significant difference was recorded in any other measured variable between the successfully and unsuccessfully resuscitated animals.
Post-resuscitation period
Several arrhythmias were recorded in the animals that were successfully resuscitated. One animal had episodes of recurrent VF requiring further defibrillation attempts. Two animals had episodes of ventricular tachycardia that required the addition of an intravenous beta blocker. Multiple episodes of supraventricular tachycardias were recorded in all successfully resuscitated animals. All those tachycardias are consistent with the post-resuscitation myocardial dysfunction.
Necropsy
No evidence of injury to the bony thorax or abdomen was identified. Minor lung contusions were observed in two animals in which 20 min of chest compression failed to return spontaneous circulation.
Discussion
This experimental protocol has been designed to simulate the real events of cardiac arrest in humans. It has been shown that VF is the most common lethal arrhythmia for victims of cardiac arrest (Anonymous 2000) . The average time until arrival of specialized personnel varies, but the acceptable European Standard is 8 min (Anonymous 2000) . This protocol simulates the event of a 5 min untreated VF, a 3 min implementation of the BLS protocol by a bystander rescuer and the arrival of specialized personnel implementing an approved ALS protocol.
The choice of the animal model is one of the main problems the researcher has to face. There are multiple parameters one has to consider in designing a model of cardiopulmonary resuscitation. On reviewing the literature, the animal models that have been used are: mice, rats, other rodents, cats, dogs, swine and primates. Each species has its own advantages. The porcine model, however, is more frequently used. There are several reasons for this. Swine cardiac anatomy and physiology closely resemble humans, as its coronary arteries have only a few lateral epicardial anastomoses (Wyler et al. 1979 , Hughes 1986 ). Furthermore, myocardial histology is similar in swine and humans (Hubert et al. 2003 ). In addition, after induction of myocardial Laboratory Animals (2007) 41
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T Xanthos et al. ischaemia, the porcine myocardium responds biochemically and metabolically in the same way as the human heart (Weaver et al. 1986 , White et al. 1992 ). The swine model has a resting heart rate which averages that of the human, whereas, the mouse model has a high resting heart rate that approximates 500 bpm and its refractory period is extremely short (Song et al. 2002) . CPP is the arithmetic difference of the invasive diastolic blood pressure and the pressure of the right atrium recorded simultaneously (Braunwald et al. 1961 , Lazzara et al. 1978 . This variable has been the only real prognostic factor as far as successful defibrillation attempts are concerned (Wenzel et al. 1999) . CPP is produced by precordial compressions, and it has been shown that the prolonged failure of myocardial perfusion during cardiac arrest is followed by global myocardial ischaemic injury and post-resuscitation myocardial dysfunction, which accounts for the fatal progression after successful resuscitation (Sun et al. 1999) .
The different swine breeds share many common physiological variables. Landrace/ Large White swine closely resemble the human haemodynamics as far as the pressures of the left ventricle and atrium are concerned. By contrast, Yucatan miniature's and micropig's systolic and diastolic pressures of the left heart is almost half that of a normal adult (Smith et al. 1994 ). It appears that the baseline haemodynamics of Landrace/Large White pigs approximate those identified as normal for the resting human being.
Other than the anatomical and physiological cardiac similarities, pigs do not often require as much human care as dogs, and researchers find it generally easier to experiment on this species (White et al. 1986) .
It is extremely difficult to simulate the real circumstances of SCD in humans, where CAD plays a vital role in the metabolic changes in the myocardium (Escobedo & Zack 1996) . For this reason, several ways of inducing cardiac arrest have been developed. These include potassium chloride infusion, transdermal pacing, commotio cordis (Link et al. 1998 ) and epicardial pacing with the use of a pacemaker wire, through a central vein. apparatus with the electrocardiogram, as induction of cardiac arrest mainly depends on the R-on-T phenomenon (Link et al. 2003 , Herweling et al. 2005 .
Prior studies suggest that various modes of VF induction may initiate VF by different electrophysiological mechanisms (Shibata et al. 1988 , Cao et al. 1997 , Chen et al. 1998 , Laurita et al. 1998 . VF was induced (Chen et al. 1998 ) in a dog model with the use of premature stimuli and accounted for the phenomenon by mechanisms of functional reentry. The influence of T wave shock strength on the induction of VF was studied in a dog model (Shibata et al. 1988) . After shocks of the shortest and longest coupling interval, for which a response occurred, the activation pattern was focal, probably from a focus triggered by the shock or microreentry. However, shocks that were delivered during the mid-portion of the vulnerable period after ventricular pacing fibrillation arose, with properties of reentrant pattern, which is now described as a scroll wave (Winfree 1994 , Witowski et al. 1998 .
During implantable cardiac defibrillator (ICD) testing, several techniques have been proposed for inducing VF: (1) rapid pacingtypically 50 Hz, (2) a high-energy pulse delivered on the vulnerable period of the T wave (Fastenrath et al. 1994 , Bhandari et al. 1998 ) and (3) AC current (Gray et al. 1993) . Several studies showed that 50 Hz burst stimulation and low-energy T wave shock have a similar efficacy of inducing VF (Fastenrath et al. 1994 , Bhandari et al. 1998 .
For experimental induction of cardiac arrest, different electrical devices were used, such as direct connection to alternating or direct current (Charles et al. 1993 , Studer et al. 2002 . However, this connection could involve potential dangers for the researchers, although there are no recorded incidents of electrocution from experimental research. The ordinary lithium battery seems safer and extremely efficient in inducing cardiac arrest. The mechanisms by which VF is induced, using the ordinary lithium battery, are similar to the delivery of the low-energy T wave shock, using electrical current. To our knowledge, there are no experimental studies that induced VF with an ordinary rechargeable lithium battery.
Conclusion
Landrace/Large White pigs are a favourable swine breed for experimentation on cardiac arrest. CPP, which is the real prognostic factor for successful resuscitation is comparable in humans and Landrace/Large White pigs. Among the different ways of inducing VF, the ordinary rechargeable battery is extremely easy and efficient to use.
